Abstract Boron-doped diamond (BDD) has seen a substantial increase in interest for use as electrode coating material for electrochemistry and studies of deep brain stimulation mechanism. In this study, we present an alternative method for determining important characteristics, including conductivity, carrier concentration, and time constant, of such material by the signature of Drude-like metallic behavior in the far-infrared (IR) spectral range. Unlike the direct determination of conductivity from the four-point probe method, using far-IR transmittance provides additional information, such as whether the incorporation of boron results in a large concentration of carriers or in inducing defects in the diamond lattice. The slightly doped to medium-doped BDD samples that were produced using chemical vapor deposition and analyzed in this work show conductivities ranging between 5.5 and 11 (X cm) -1 . Different growth conditions demonstrate that increasing boron concentration results in an increase in the carrier concentration, with values between 7.2 9 10 16 and 2.5 9 10 17 carriers/cm 3 . Addition of boron, besides leading to a decrease in the resistivity, also resulted in a decrease in the time constant, limiting BDD conductivity. Investigations, by confocal Raman mapping, of the induced stress in the material due to interaction with the substrate or to the amount of doping are also presented and discussed. The induced tensile stress, which was distributed closer to the film-substrate interface decreased slightly with doping.
Introduction
Due to boron-doped diamond's (BDD) important role as an electrode material in biosensing applications such as clinical studies of deep brain stimulation (DBS), conductive transport measurements in thin films of this material have been a subject of active interest in recent years [1] [2] [3] [4] [5] [6] [7] [8] . In this p-type semiconductor, where the boron dopant acts as electron acceptor, two main conduction mechanisms occur depending on doping levels and temperature. While conduction through holes in the conduction band is expected at low doping levels (i.e., boron atoms \10 17 cm -3 ) or low temperatures, nearest-neighbor and variable range hopping of carriers between ionized boron sites occurs at higher doping levels, with the ultimate formation of an impurity band that gives rise to metal-like conductivity for very high doping levels [2, 9] . This transition in the conduction mechanism from localized hopping to band conduction was observed to shift toward higher temperatures with increasing doping level [9] . Furthermore, an increase in the amount of doping not only results in an increase in the density of electronic states and in a widening of the acceptor band, but also in a reduction of the activation energy of carriers and in an increase in their mobility [2] .
For polycrystalline BDD films grown by chemical vapor deposition (CVD), which are the type of samples analyzed here, accurate estimation of electrical conductivity is far from being a simple task. Even though the effects of the contact resistance between the spring-loaded probes and the surface of the film can be largely removed by four-point probe measurements, conductivity values are still influenced by other causes. One cause is the existence of nondiamond, sp 2 type impurities that accumulate at the boundaries of crystallites. The inherent inhomogeneity of the samples arising from film thickness variation and from preferential incorporation of boron at the grain surfaces is another reason [10] . These causes lead to measurements of effective surface conductivity that does not correspond to bulk conductivity.
In this study, we present an alternative method for determining the conductivity or resistivity of such thin films by the signature of their Drude-like metallic behavior in the far-infrared (IR) spectral range. The transmittance of a thin film in the far-IR is related to its electrical conductivity, which in turn is a function of the frequency of the applied IR field. Since the characteristic frequency (the inverse of the average time between two carrier-core collisions) is typically in the far-IR range, transmission measurements in this spectral region are particularly suited to determining the above-mentioned material characteristics.
The reason why the Drude theoretical approach works so well in the case of polycrystalline, inhomogeneous films such as those of BDD is that it relies on the characteristic transport length scale, L x = ffiffiffiffiffiffiffiffiffi ffi D=x p , which is inversely proportional to the square root of frequency (where D is the diffusion coefficient). Since in the far-IR frequency range L x is smaller than the typical length scales encountered in dc transport measurements, a frequency-dependent weak localization correction to the conductivity can be considered [11, 12] . Consequently, in this frequency range, the material can be treated as homogeneous, since the energy lost to transport through grain boundaries can be neglected.
A feature of the Drude model is that the carrier density is temperature independent. The experimentally observed change in the material conductivity with temperature variation relates to the temperature dependence of the relaxation rate or the characteristic transport length scale (e.g., the charge carrier's mean free path) [13, 14] . Since part of the scattering of the charge carriers is due to their interaction with the thermally generated excitations in the material, phonon-related analysis becomes important in understanding such phenomena. Furthermore, because charge-transfer and interband transitions usually take place at higher energies [15, 16] , resulting in strong absorption in the mid-IR spectral range, the Drude model is applicable mainly in the far-IR optical range (i.e., up to the THz frequency range, such as below *250 cm -1 or 30 meV). The generalized Drude model with a frequency-dependent scattering rate and effective mass should be considered for mid-IR absorption analysis, which is beyond the scope of this work.
By the Drude approach, additional information about the material, such as whether the incorporation of boron resulted in a large concentration of acceptors (hence, a concentration of carriers) or in inducing defects in the diamond lattice (hence, a decrease in the time constant), is obtained; this information being unattainable if the fourpoint probe method is employed.
If development of high-quality diamond-based electrodes is envisioned for their further use in fast-scan cyclic voltammetry (FSCV) applications, another aspect that could influence the quality of the grown BDD is the stress induced in the material by the substrate or by the amount of doping employed. While the lattice mismatch between the deposited material and the substrate (i.e., the lattice constant for diamond is 3.567 Å and for silicon is 5.430 Å ) can induce tensile stress that will result in defects such as splitting and cracking of the films, the unwanted existence of impurities produces compressive intrinsic stress that could result in potential delamination of the film from the substrate [17] [18] [19] . These considerations were investigated using confocal Raman mapping measurements and are also discussed in this work.
Materials and methods

Experimental details
The BDD films were grown in a hot filament chemical vapor deposition (CVD) reactor using a mixture of CH 4 /H 2 gases at a pressure of 20 Torr. Trimethylborane (TMB), 1000 ppm in H 2 , was introduced in the chamber at various flow rates ranging from 0 to 2.5 sccm and metered using an Alicat mass flow controller. The volumes of H 2 and CH 4 gases of 196 sccm and 2 sccm, respectively, were metered using FloCat flow controllers. Undoped single crystal (100) Si that was initially abraded by immersion in a slurry mixture of 8 nm diamond powder and isopropyl alcohol, and ultrasonically agitated, was used as the substrate material. The filament temperature was kept constant at 2,050°C during film deposition and monitored with a Spectrodyne DFP 2000 optical pyrometer. An Omega Engineering type K thermocouple was used to monitor the substrate temperature. Uniform films with crystallite sizes varying between 0.3 and 2.4 microns were obtained as a result of these growth conditions.
The far-IR transmission measurements were acquired at room temperature with a vacuum-based Bruker IFS 66v FT-IR spectrometer equipped with a Ge-coated mylar beam splitter and a deuterated triglycine sulfate (DTGS) detector. Each IR spectrum resulted from an accumulation of 256 scans at a resolution of 4 cm -1 . An alpha 300R WITec system using the 532 nm excitation of a Nd:YAG laser and a 100X objective lens was employed for confocal Raman mapping measurements, which were performed at ambient conditions with a resolution of 4 cm -1 . The mapping was acquired with a pixel number of 22,500 and an integration time of 50 ms per pixel. The WITec Control software, which also controls the piezoelectric stage for sample scanning, was employed for data acquisition. The strain data analysis was performed using the Advanced Fitting Tool of the WITec Project Plus software.
Drude theoretical approach
If multiple reflections are negligible, the ratio T(x) of the transmission through a thin conductive film deposited on a substrate, T C (x), to the transmission through the substrate alone, T S (x), is provided by [20, 21] 
where r(x) is the conductivity, Z 0 = 377 X is the impedance of free space, d is the thickness of the thin film, and n S is the index of refraction of the substrate (in this case, for Si, n S = 3.4).
Assuming a free electron model in the presence of scattering (the Drude model), the conductivity is
where r 0 ¼ ne 2 s m is the Drude dc conductivity, n is the electron density, e and m are the electron charge and mass, respectively, and s is the mean free time between collisions of the carriers with the lattice ions (i.e., time constant).
Combining (1) and (2) gives [12] T
and
The fitted parameters a and b provide
Results and discussion
The far-IR experimental transmission measurements of five BDD samples grown on Si substrates with various trimethylborane (TMB) dopant flow rates ranging from 0 to 2.5 sccm, and their derived results based on the Drude model analysis, are presented in Fig. 1a-f . Although similar information could be obtained through reflectance measurements [22] , the reason we consider transmission measurements in this work (Fig. 1a) is to avoid potential experimental systematic errors. Transmission is measured relative to 0 %, whereas reflectance is measured relative to 100 %; thus, it is harder to accurately determine a 100 % reference for the latter. Also, the linearity of the photodetector response with the intensity of the incident radiation is better for lower signals, such as those transmitted through the samples, than for the signals obtained from reflectance, where detector saturation effects are possible.
To account for the transmission just through each BDD conductive film, appropriate subtraction of the transmission of the Si substrate was performed on the spectra shown in Fig. 1a . In this way, the variations observed in the overall transmission behavior of these spectra depend mainly on the inherent differences in BDD film thicknesses, which vary from 1.5 to 4.5 lm, and on the amount of boron doping. While the thickness of the film contributes to an overall transmission decrease, the boron doping influences the range over which the transmission increases with frequency without the presence of additional absorption features. Thus, the latter determines the frequency region of Drude model applicability. In this context, it is also worth mentioning that saturation effects in absorption, which increases with increasing boron doping level (i.e., BDD becomes less transparent with increasing boron concentration [1, 23] ), limit the transmission spectral measurements.
As revealed in Fig. 1b , where three representative ratios of transmittance, T(x), to [1-T(x)] as a function of x 2 are presented, these two physical parameters (i.e., film thickness and boron doping level) also influence the values of the fitting parameters a and b (i.e., the intercept and the slope), as well as the range suitable for a linear fit. The characteristic Drude falloff at higher frequencies, namely the deviation from the linear fit in the 30-50 wavenumber region, is due to the noise induced by reaching the system detection limit (e.g., of the DTGS detector).
The expected increase in the number of carriers with higher boron doping, which corresponds to higher sample number, is presented in Fig. 1c . Since unwanted contamination with boron is frequently encountered in the fabrication of BDD samples, as boron could reside on the walls and other components of the reactor, we prefer to present the results versus the number of the sample, not versus TMB flow gas. An obvious example that supports this affirmation is the sample labeled 1, where no TMB (0 sccm TMB) was added during growth. However, as can be seen in Fig. 1c , the estimated number of carriers for this sample is about 7.2 9 10 16 /cm -3 . Another reason for this quite high value of carrier density for an undoped sample is the potential contribution of sp 2 carbon impurities. The similar effect of increasing conductivity of these films with increasing boron doping level is revealed in Fig. 1d . Values ranging from 5.5 to 11 (X cm) -1 were derived using the Drude model for conductivities of these samples. Given that the overall sample conductivity is a result of both bulk conductivity within diamond grains and surface conductivity, the potential influence of sp 2 carbon should be considered as part of the latter. It is not unlikely that higher amounts of TMB flow gas would be correlated with increases in sp 2 contamination, also. Behavior opposite to that of conductivity is observed in Fig. 1e for the resistivity, which decreases from 0.2 to 0.09 (X cm). While, for these low doping levels, the current results for conductivity are comparable with the ones reported in the literature from four-point probe measurements [23] [24] [25] , there is a difference of slightly more than two orders of magnitude between the number of carriers obtained in this work (7.2 9 10 16 -2.5 9 10 17 /cm -3 ) and the literature-reported boron content (*10 19 -10 20 /cm 3 ). A potential explanation of these observations is as follows: at low boron doping levels, the boron atoms substitute for the carbon atoms, occupying neutrally interstitial positions in a carbon sp 3 environment. Thus, the holes (carriers) provided by the boron atoms are energetically bound (i.e., binding energy of *0.38 eV) in one of the three-fold degenerate impurity states. Also, since the average distance between the boron atoms decreases with increasing boron concentration, to a value close to that of the Bohr radius (around 3.5 9 10 -8 cm when a hydrogenic model for the bound hole is considered), a metallic type of conduction should be expected with increasing boron concentration. However, even at high doping levels (i.e., 10 20 atoms/cm -3 ), no metallic conduction takes place [9] . Instead, hopping conduction through nearest-neighbor (more distant impurities) and the formation of an impurity band, and of boron atom pairs, occur. Metallic conduction could appear only if the energy levels in this impurity band broaden enough so that this band crosses the Fermi level.
The nearly linear trend of increasing conductivity seen in Fig. 1d suggests that the metallic threshold is not yet reached in the current samples, and conduction through hopping between ionized and neutral acceptors within the impurity band is more probably taking place. This information, combined with the decreasing trend of the mean free time between collisions of the carriers, s, that is presented in Fig. 1f , is the key that elucidates the discrepancy between the values of the number of carriers obtained using the Drude model and the boron content reported in the literature [23] [24] [25] [26] . Even if higher boron doping concentrations is achievable, the number of carriers that contribute to the conductive properties of BDD samples is limited by this time constant, which has the tendency of leveling out at about 5 9 10 -14 s (see Fig. 1f ). Consequently, not necessarily all of the boron atoms incorporated in the diamond lattice contribute to the conductivity of BDD.
Investigations by confocal Raman mapping of the internal stress induced in these thin films by the substrate or by the amount of boron doping level are presented in Fig. 2a-d ) and a medium one (Fig. 3a-d) , were considered. Besides being a qualitative and a relative quantitative method for determining the constituents of materials (e.g., in this case, pure diamond, boron incorporation and accumulation, and non-diamond, carbon sp 2 type of impurities), Raman spectroscopy can be also used in stress and strain analyses [13] [14] [15] . In this context, it has been shown that the characteristic optical-phonon band of diamond at 1,332 cm -1 shifts around 3 cm -1 under a stress of 1 GPa [13, 14] . A higher or lower frequency shift corresponds to a compressive or a tensile stress, respectively.
The employment of confocal Raman mapping in determining the material constituents is presented in Figs. 2a, b and 3a, b. These measurements were performed by selecting characteristic Raman vibrational lines at 1,332 cm -1 for diamond, around 1,230 cm -1 for boron in the diamond lattice, and the band centered at 1,500 cm
corresponding to amorphous carbon impurities [1, 7, 9, 10, 27] . Three pseudo-colors (i.e., red for diamond, blue for BDD, and green for carbon impurities) were assigned to these constituents and used for relative quantitative visualization. While the presence of carbon impurities is considered in the Raman mapping images presented in Figs. 2a and 3a , for easier examination of film uniformity as related to boron incorporation, this option is eliminated in Figs. 2b and 3b . In addition to the expected color trend toward blue with increasing boron doping level (Fig. 3b) , the use of less TMB feed gas during growth might result in more uniform incorporation of boron (Fig. 2b) . However, this observation is debatable since both Raman mapping images show the existence of pure diamond crystallites (red color). There is also a very slight increase of sp 2 carbon (green color) in Fig. 3a in comparison with Fig. 2a , which is confirmed in Figs. 2c and 3c by the slight increase in the intensity of the feature around 1,500 cm -1 . The integrated Raman spectra of these images are presented in Figs. 2c and 3c .
The qualitative identification of the induced stress in the samples due to boron incorporation was achieved by performing confocal Raman mapping on their surfaces. These images, which are presented in Figs. 2d and 3d, account for the shift of the 1,332 cm -1 diamond vibrational line. At every image pixel, a Raman spectrum was recorded in milliseconds (for an overall Raman mapping in a few minutes) and the entire spectral data set was fitted with appropriate Lorentz functions using the Advanced Fitting Tool of the WITec Project Plus software. Shifts of about 4 ± 2 cm -1 to 6 ± 2 cm -1 (i.e., 1.3 ± 0.7-2.0 ± 0.7 GPa) to lower frequency, which indicate a tensile stress, were obtained. The indicated error accounts for the change in the width of the diamond Raman lines and the unevenness of the side lobes due to the presence of the Fano effect. The full widths at half maximum (FWHM) of the Raman lines are of the order of 10-20 cm -1 and, although the sampling resolution is 4 cm -1 , fitting the peaks allows the maxima to be determined with a precision better than 1 cm
; hence small shifts can be detected. The light yellow pseudo-color in these images corresponds to a more strained structure. A slight decrease of the stress with increasing boron concentration is observed (i.e., slightly more yellow in Fig. 2d versus that in Fig. 3d) . Thus, as boron incorporates into the diamond lattice, it expands it, weakening the induced tensile stress. Due to interstitial boron incorporation and its accumulation at the grain boundaries, an opposite effect is expected at higher boron doping levels [18, 19] . An increase in the dislocation density with increasing boron concentration was also observed and reported [18, 19] .
The induced tensile stress due to the lattice mismatch between the materials is presented in Fig. 4a-d . To properly analyze the dominance of this effect at the interface, a side-wall confocal Raman mapping was performed in this case. While a more uniform incorporation of boron throughout the entire film thickness can be observed in Fig. 4a for a slightly doped sample (purple color is a combination of red and blue), a columnar, preferential incorporation of boron with distinct blue and red areas corresponding to boron and pure diamond, can be seen in Fig. 4b for a medium-doped sample. More importantly, as revealed in Fig. 4c, d , there is substantially increased tensile stress (bright yellow pseudo-color) at the interface between the BDD material and the Si substrate. Comparison of Fig. 4c, d with their corresponding images presented in Fig. 4a, b respectively, demonstrates that pure diamond regions (red color) are associated with more induced stress. Not only does this observation support our previous affirmation of less induced stress with increasing boron concentration (e.g., less stress observed at the material surfaces), but, indirectly, also assesses the quality of the samples. There is no evidence of defects or dislocations that could degrade material quality and create other types of internal stresses that could lower its performance in future FSCV measurements.
Conclusions
Boron-doped diamond samples produced by chemical vapor deposition and analyzed in this work using the Drude model in the far-IR spectral region show conductivities ranging between 5.5 and 11 (X cm) -1 . An increase in boron concentration resulted either in an increase in the carrier concentration (between 7.2 9 10 16 and 2.5 9 10 17 carriers/cm 3 ), leading to a decrease in the resistivity, or in a decrease in the mean free time between collisions of the carriers (i.e., time constant). Although the threshold of metallic-type conduction has not been reached for the samples analyzed here, the decreasing trend of the time constant (with a tendency of leveling out at about 
-14 s) suggests that for even higher doping amounts, the number of carriers that contribute to the conductive properties of BDD is limited. This trend also explains the observed difference between the numbers of carriers obtained in this work and the ones reported in the literature [23] [24] [25] [26] ; not necessarily do all the boron atoms incorporated in the diamond lattice contribute to material conductivity.
Analysis by confocal Raman mapping of the induced stress in the samples due to boron incorporation and to the lattice mismatch between the materials demonstrates a decrease of the interfacial tensile stress with the addition of boron, as well as of that farther away from the interface between the materials. The confocal Raman mapping investigation of the material constituents shows a relatively more uniform incorporation of boron if a lower doping level is used (e.g., more uniform purple color with less distinct red and blue areas).
With the goal of optimizing and improving BDD characteristics through understanding phenomena at the molecular level, the far-IR and Raman spectroscopic experimental studies presented here and combined with a Drude theoretical approach represent innovative methods of acquiring valuable information for developing highquality diamond-based electrodes for their further use in FSCV applications.
